Abstract Cystic fibrosis (CF) is associated with fatty acid alterations characterized by low linoleic and docosahexaenoic acid. It is not clear whether these fatty acid alterations are directly linked to cystic fibrosis transmembrane conductance regulator (CFTR) dysfunction or result from nutrient malabsorption. We hypothesized that if fatty acid alterations are a result of CFTR dysfunction, those alterations should be demonstrable in CF cell culture models. Two CF airway epithelial cell lines were used: 16HBE, sense and antisense CFTR cells, and C38/IB3-1 cells. Wild-type (WT) and CF cells were cultured in 10% fetal bovine serum (FBS) or 10% horse serum. Fatty acid levels were analyzed by GC-MS. Culture of both WT and CF cells in FBS resulted in very low linoleic acid levels. When cells were cultured in horse serum containing concentrations of linoleic acid matching those found in human plasma, physiological levels of linoleic acid were obtained and fatty acid alterations characteristic of CF tissues were then evident in CF compared with WT cells. Kinetic studies with radiolabeled linoleic acid demonstrated in CF cells increased conversion to longer and more-desaturated fatty acids such as arachidonic acid. In conclusion, these data demonstrate that CFTR dysfunction is associated with altered fatty acid metabolism in cultured airway epithelial
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Cystic fibrosis (CF) is a monogenetic disease caused by mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) (1) . The CF phenotype typically involves pancreatic insufficiency and recurrent pulmonary infections associated with excessive inflammation, ultimately leading to progressive bronchiectasis, respiratory failure, and death. Closely connected with the disease is an altered fatty acid profile. Decreased serum levels of the essential fatty acid linoleic acid in CF patients were first described in the 1960s (2) . Two decades later, an increase in arachidonic acid (AA) in bronchial secretions in CF patients (3) and increased arachidonic release from CF lymphocytes (4) were reported, providing support for the theory that the altered fatty acid profile is not exclusively a result of decreased fatty acid absorption secondary to pancreatic insufficiency.
Further studies have described low serum levels of docosahexaenoic acid (DHA) and increased serum levels of palmitoleic acid in CF patients (5) accompanied by altered turnover of essential fatty acids in CF cells (6, 7) . Although CF serum does not display large changes in AA levels, AA levels are increased in tissues from CF patients (8) and in CFTR knock-out mice (9) . CF is associated with an excessive host inflammatory response independent of infection (10, 11) , with these changes in fatty acids levels being postulated to play a role in this altered innate immune response (9, 12) . However, reported fatty acid alterations in CF mouse tissues have been variable (13) , and cultured human CF cell lines have not to date shown the fatty acid changes characteristic of CF tissues and serum (14) . Importantly, fatty acid levels in cultured cells are strongly influenced by the fatty acids present in the serum of the cell culture media. Because fetal bovine serum (FBS), commonly used in cell culture, has very low levels of linoleic acid, normal use of FBS may result in unphysiologic cellular levels of linoleic acid as well as other fatty acids.
The low levels of linoleic acid and some other fatty acids typically seen in CF patients have led to the proposal that this "essential fatty acid deficiency" may play a role in the pathogenesis of CF. In fact, current recommendations for CF patients include consumption of high-fat diets rich in linoleic acid. However, the low linoleic acid levels have also been explained as a result of increased conversion to AA, leading to increased biosynthesis of proinflammatory eicosanoids.
In this study, we tested the following hypotheses: 1) the fatty acid defect of CF is present in cultured airway epithelial cells, and is linked to loss of CFTR function using either antisense strategies or mutations in the CFTR gene; 2) the expression of the CF fatty acid defect is dependent on culture media linoleic acid levels and on the state of cell confluence; and 3) the decreased levels of linoleic acid in CF are caused by enhanced metabolism to AA and other n-6 fatty acids, compared with that in wild-type (WT) cells.
METHODS

Cell culture
16HBE14o-cells, (a human bronchial epithelial cell line originally established by Dr Dieter Gruenert) were stably transfected with WT CFTR (sense cells) or with a short CFTR antisense RNA [antisense cells (CF) by Dr. Pamela Davis (15) . The 16HBE antisense cell line has a CF phenotype and does not respond to cAMP agonists with increased chloride secretion, whereas the WT cells demonstrate a significant chloride secretory response (16) . These cells were cultured in flasks coated with a LHC basal media coating solution containing 0.01 mg/ml human fibronectin (Gibco; Grand Island, NY), 1% (v/v) Vitrogen-50 (Angiotech Biomaterials; Palo Alto, CA), and 0.1 mg/ml BSA. Cell culture medium consisted of MEM with glutamax, and was supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% serum (FBS or horse serum), and cells were cultured in 5% CO 2 at 37°C. After thawing, the cells were cultured in FBS for at least 2 weeks before switching to horse serum. The cell culture medium was changed three times per week.
For experiments, cells were seeded onto 6-well plates. Because sense cells were smaller than the antisense cells, sense cells were plated at 3-fold initial higher density than antisense cells in order to reach confluence at the same time for experimental use. Unless otherwise stated, 100,000 antisense cells/well (9.6 cm 2 ) were seeded and cells were harvested 1-2 days postconfluence. Medium was changed 24 h before harvest. Harvesting at earlier time points resulted in variable fatty acid levels. Linoleic acid in a stock solution of chloroform-methanol 2:1 was dried under nitrogen onto the wall of a glass tube, and then medium containing 10% horse serum was added. The tube was then placed in a water sonicator three times for 5 s each time. The serum provided the albumin that served as carrier protein of the fatty acid. For linoleic acid supplementation experiments, 0-200 mM free linoleic acid was added to the cell culture medium for 1 week.
IB3-1 and C38 cells were obtained from the American Type Culture Collection (Manassas, VA). The IB3-1 cell line is a compound heterozygote bronchial epithelial cell line from a CF patient containing one DF508 allele and one W12823 nonsense mutation allele. The CF phenotype present in the IB3-1 cells has been corrected in the C38 cell line with WT CFTR in an adenoassociated viral vector. IB3-1 and C38 cells were cultured in 10% FBS or horse serum for at least 2 weeks before fatty acid analysis.
It was noted that when the cells were placed directly in 10% horse serum after having been stored in liquid nitrogen, it took longer for the cells to express the complete CF fatty acid profile than when the cells were cultured in FBS for 2 weeks before changing to horse serum. For experiments, 100,000 cells/well (9.6 cm 2 ) of both cell types were seeded onto 6-well plates and harvested 3 days after confluence was reached. For experiments to increase CFTR expression in IB3-1 cells (17, 18) , confluent cells cultured in horse serum for 2 weeks were incubated for 48 h with 2.5 mM sodium butyrate (Chemicon International; Billerica, MA) and 150 mg/ml G418 (Sigma-Aldrich; St .Louis, MO). Longer treatment could not be performed due to cell toxicity.
Western blotting
Cells were scraped from the cell culture flasks and lysed in a cell lysis buffer (Boston Bioproducts; Worcester, MA) containing 1 mM DTT and protease inhibitor cocktail (Sigma-Aldrich). Protein concentration was determined by the Bradford protein assay (Bio-Rad; Hercules, CA). Thirty micrograms of protein/well were separated on a 4-10% Tris-HCl gradient gel and transferred to nitrocellulose membrane for 2 h, and the membrane immunoblotted for CFTR [1:1,000 dilution of rabbit polyclonal primary antibody (Cell Signaling; Danvers, MA)], followed by 1:3,000 of goat anti-rabbit HRP antibody (Calbiochem; San Diego, CA). A mouse b-actin antibody was used as loading control. Chemiluminescence detection was performed using Supersignal Chemiluminescent reagent (Pierce; Rockford, IL).
Fatty acid analysis
Cells grown on 6-well plates were harvested by scraping on ice after rinsing twice with ice-cold PBS. Cells were transferred to a glass tube, and 30 ml of 1 mg/ml 17:0 was added as an internal standard. Lipids were extracted by adding 6 vols of chloroformmethanol (2:1). After centrifugation (800 g for 4 min), the lower phase was transferred to a new tube. The samples were then dried under nitrogen gas and methylated as previously described (19) . Briefly, methanolic base (0.5 ml) was added and the sample was vortexed and heated (100°C for 3 min). After cooling at room temperature, BF 3 solution (0.5 ml) was added and the sample was vortexed and heated (100°C for 1 min). After cooling, 0.5 ml of hexane was added, and after vortexing, 6.5 ml of a saturated NaCl solution was added. The sample was then centrifuged (800 g for 3 min), and the upper phase was used for quantification of fatty acid methyl esters (FAMEs) with a HP5890 Series II HewlettPackard gas chromatograph equipped with a Supelcowax SP-10 capillary column (Supelco, Bellefonte, PA) coupled to a mass spectrometer (HP-5971, Hewlett-Packard, Wilmington, DE). FAME mass was determined by comparing areas of unknown FAMEs to that of a fixed concentration of 17:0 internal standard. The response of the GC-MS in terms of assignment of area units to each fatty acid is variable and is influenced by the properties of the column selected, the inherent ability of the GC-MS instrumentation itself, and the degree of unsaturation of the fatty acid. To correct for this variability, response factors were determined for each individual FAME of the GC-MS response based on known mass ratios of the reference standard mixture.
For radiolabeling experiments, cells were incubated with www.jlr.org serum (with lipids). After washing twice with PBS, cells were scraped off the plate. Lipids were extracted and methylated as above. The samples were then dried under nitrogen and dissolved in acetonitrile and analyzed by HPLC (Waters; Milford, MA). Fatty acids were separated using a binary solvent system. Solvent A consisted of double-distilled H 2 O with 0.02% H 2 PO 4 , and solvent B was 100% acetonitrile (HPLC grade). The solvent program was 76% of acetonitrile for 0.5 min, a linear gradient from 76% to 86% acetonitrile over 10 min, a hold for 20 min, a linear gradient from 86% to 100% acetonitrile over 2 min, a hold for 18 min, followed by reconstitution of the original conditions. Quantification of the elution profile peaks was performed by a scintillation counter coupled to the HPLC. Peaks were identified by comparison of retention times of unlabeled standards detected using ultraviolet detection at 205 nm.
Mouse colony
Mouse tissue for fatty acid compositional analysis was obtained from animals in our colony under protocols approved by the Beth Israel Deaconess Medical Center Animal Care Committee. The mice were housed in a room that controlled for temperature (20-22°C), humidity (30-70%), and light (light 6 AM to 8 PM). Exon 10 cftr 2/2 UNC transgenic mice from our established breeding colony and their WT littermates were used for the experiments as previously described (9) . Tail-clip samples of 14 day-old mice were used for genotype analysis. The mice were weaned at 23 days of age. All CF mice were maintained on Peptamen (Nestle Clinical Nutrition; Deerfield, IL) and water. One week before experiments, WT littermates were put on Peptamen and water.
Tissue preparation
Mice were euthanized with carbon dioxide. The pancreas was then removed, placed in PBS, and homogenized by sonication with an ultrasonic probe (Sonifier Cell Disruptor, Misonix, Inc., Farmingdale, NY). Fatty acids were analyzed as described above for cells.
Statistical analysis
Statistical differences between groups tested were evaluated by using Studentʼs t-test (Microsoft Excel). Data are presented as mean 6 standard error of the mean. P , 0.05 was interpreted as indicative of statistical significance.
RESULTS
Characterization of CFTR expression in the airway epithelial cell lines
For this study, we used two different CF airway epithelial cell culture systems, one with decreased CFTR function secondary to expression of CFTR antisense RNA (16HBE antisense CFTR), and one with decreased CFTR function secondary to CFTR mutations in cells derived from a CF patient (IB3-1). Figure 1 shows CFTR protein expression in the airway epithelial cell lines used. 16HBE sense cells expressed CFTR, whereas the 16HBE antisense cell line lacked evident CFTR expression. The IB3-1 cells, originating from a CF patient with DF508/W12823 CFTR mutations, had significantly lower CFTR protein levels than those of the C38 cells transfected with WT CFTR, as expected.
Expression of the fatty acid defect is linked to CFTR dysfunction and is dependent on linoleic acid content in the media
Fatty acid composition of sera. Because the fatty acid composition of different sera, and even different serum lots, show variability, we analyzed the fatty acid content of FBS and horse serum. This was necessary because the fatty acid composition of cells in culture is reflective of what is present in the cell culture media. The fatty acid content of the cell culture media supplemented with 10% FBS or 10% horse serum is shown in Table 1 . Ten percent FBS contained very low levels of linoleic acid (5.6 mM) compared with human plasma, which has a linoleic acid concentration of approximately 2.8 mmol/L (20) , with the majority in triglycerides and phospholipids. Two different lots of horse serum (A and B) were analyzed and found to contain high levels of linoleic acid (52 mol% and 45 mol%, or 145 mM and 146 mM, respectively, in 10% serum). Lot B was found to contain higher levels of n-3 fatty acids than lot A.
The characteristic fatty acid alterations in CF are demonstrated by incubation of 16HBE14o-cells with physiological levels of linoleic acid. Levels of fatty acids in 16HBE cells cultured in different sera are shown in Fig. 2 . The fatty acids shown are those that have been previously reported to be altered in CF. When cultured in FBS, which contains very low levels of linoleic acid ( Fig. 2A) , both sense (WT) and antisense (CF) 16HBE14o-cells were partially depleted of linoleic acid (18:2n-6) (WT: 0.83 6 0.09 mol%; CF: 0.92 6 0.06 mol%). These levels can be compared with physio- Because the linoleic acid levels in the cells were well below physiologic levels when cultured in FBS, we hypothesized that increasing linoleic acid levels into the physiologic range by incubating cells in horse serum would be critical to demonstrating the fatty acid defect linked to loss of CFTR function. Because horse serum fatty acid composition is variable, results were obtained from cells incubated in two lots of horse serum, lot A (Fig. 2B ) and lot B (Fig. 2C) . Levels of linoleic acid were significantly increased in cells cultured in horse serum compared with FBS (Fig. 2B, C) , and approximated the physiologic levels of linoleic acid seen in mouse and human tissues. CF cells cultured in horse serum lot A (Fig. 2B) had lower levels of linoleic acid (WT: 17.2 6 0.91 mol%, CF: 12.6 6 0.96 mol%; P , 0.01) and DHA (WT: 0.91 6 0.18 mol%, CF: 0.37 6 0.14 mol%; P , 0.05) compared with WT. Hence, in the presence of physiologic levels of linoleic acid, CF cells displayed the characteristic fatty acid alterations that were seen in nasal epithelial tissue from CF patients (8) [mol% linoleic acid WT: 18.0, CF: 11.4 (P , 0.05); DHA WT: 2.0, CF: 1.1 (P , 0.05)] and in pancreas from exon 10 cftr 2/2 knock-out mice [mol% linoleic acid WT: 17.4 6 1.1, CF: 12.3 6 0.5 (P , 0.05); DHA WT: 1.6 6 0.2, CF: 0.8 6 0.2 (P , 0.05)]. Levels of AA were often increased in the CF cells, but this finding was variable. Furthermore, culturing the cells in horse serum decreased 16:1n-7 levels compared with cells cultured in FBS. Mead acid levels also decreased significantly, and the cells were no longer essential fatty acid-deficient (Mead acid/AA ratio was 0.02 for both WT and CF cells). Cells cultured in horse serum lot B to assess for variability in fatty acid composition of the media resulted in lower linoleic acid levels than in horse serum lot A. The characteristic fatty acid alterations of CF, however, were present in cells grown in both lots of horse serum. Table 2 shows the complete fatty acid analyses by GC-MS obtained from 16HBE cells incubated in horse serum lot A. Among n-6 pathway fatty acids, linoleic acid (18:2n-6), and its elongation product, 20:2n-6, were both decreased, whereas AA (20:4n-6) was increased in the CF cells. Among metabolites downstream from AA, both 22:4n-6 and 22:5n-6 fatty acids were also decreased. In the CF cells, among n-3 fatty acids, eicosapentaenoic acid [(EPA) 20:5n-3] was increased, whereas DHA (22:6n-3) was decreased.
Similar fatty acid alterations are present in airway cells with the DF508 mutation. The results described above in 16HBE cells reflect a loss of CFTR function secondary to expres- www.jlr.org sion of CFTR antisense RNA. To demonstrate that CFTR mutations also dysregulate fatty acid metabolism, the cell line pair of IB3-1 and C38 cell lines was used. The C38 cell line is identical to the IB3-1 DF508/W12823 cell line, except that it is transfected with WT CFTR (21) . Figure 3 shows the fatty acid profile of C38/IB3-1 cells cultured in FBS (Fig. 3A) and horse serum (Fig. 3B ). There were no differences in 16:1n-7, linoleic acid, Mead acid, or DHA levels in cells cultured in FBS. After the cells were cultured in horse serum (lot A) for 8 weeks, linoleic acid was decreased in the IB3-1 DF508/W12823 cells, whereas 16:1n-7 was increased compared with the C38 (WT-CFTRcorrected) cells (Fig. 3B) . Thus, dysregulation of fatty acid metabolism is also present in the DF508/W12823 IB3-1 cell line, indicating that either loss of CFTR function secondary to antisense suppression or decreased expression of CFTR resulting from CFTR mutations both lead to characteristic alterations in fatty acid metabolism.
DF508-CFTR can be rescued by incubating cells with sodium butyrate (NaBu) (17) , whereas G418 treatment allows read-through of the premature stop codon, resulting in increased CFTR expression and activity in cells with the W12823 CFTR mutation (18) . This combination of NaBu and G418 was used to determine whether increased CFTR expression corrects the fatty acid alterations in the IB3-1 cells. Figure 3C shows that levels of 16:1n-7 and 20:3n-9 were selectively decreased and linoleic acid was selectively increased in IB3-1 cells after incubation with NaBu and G418 for 48 h. DHA was not altered with the treatment in either C38 or IB3-1 cells.
Having demonstrated that the fatty acid alterations are present in both CF cell lines, we used the 16HBE cells for the remainder of the studies.
Cell confluence affects fatty acid alterations in CF cells. For experiments described thus far, cells were harvested at 24-48 h after 100% confluence. Because the degree of cell contact can affect fatty acid metabolism (22, 23) , the effect of cell density on fatty acid levels in 16HBE cells was examined (Fig. 4) . Cells were harvested at 80% confluence, 100% confluence, and 2 and 4 days after the cells reached confluence, which produced more-densely packed monolayers. At 80% confluence, there was no difference in linoleic acid levels between WT and CF cells. At confluence, and IB3-1 (CF DF508/W12823) cells were cultured in (A) 10% FBS, (B) 10% horse serum lot A, or (C) 10% horse serum lot B and incubated with and without sodium butyrate (2.5 mM) and G418 (150 mg/ml) for 48 h before harvest. Fatty acids were extracted, methylated, and analyzed by GC-MS. The internal standard was 17:0. Data are expressed as the mean 6 SEM and are representative of a minimum of three different experiments, with each condition tested in triplicate. * P , 0.05, ** P , 0.01, *** P , 0.001.
linoleic acid levels decreased in both WT and CF cells, but to a greater degree in CF cells. Decreased levels of DHA were present in the CF cells at all levels of confluence. Similar results were found using the C38/IB3-1 cells (data not shown).
Determination of the enzymatic steps modulated by loss of CFTR function. We hypothesized that the fatty acid alterations in CF are due to increased enzymatic activity in the desaturation steps that convert linoleic acid to AA. Although we have demonstrated that endogenous total levels of linoleic acid and AA are affected by the amount of linoleic acid in the media (horse serum vs. FBS), alterations in specific enzymes should be detectable under all conditions. This hypothesis was tested by incubating cells grown in either horse serum or FBS with radiolabeled linoleic acid 18:2n-6) and studying the conversion to downstream metabolites. Figure 5A shows that the synthesis of 18:3n-6, the first downstream fatty acid formed from linoleic acid through the action of D6-desaturase, was increased in CF cells compared with WT cells cultured in horse serum. Although levels of radiolabeled AA were increased in CF cells, the fact that the fold increase of AA did not differ from the fold increase of 18:3 indicates that this is due to an increase in D6-desaturase activity in the setting of loss of CFTR function. This result is consistent with D6-desaturase activity being the rate-limiting enzyme in the conversion of linoleic acid to AA (24, 25) . This increased metabolic activity was present also when the cells were cultured in FBS (Fig. 5B) .
The low levels of DHA, the final fatty acid in the n-3 pathway, in CF cell lines suggest decreased activity in one or more enzymes of the n-3 pathway. The conversion rate in the n-3 fatty acid pathway was examined by incubating the cells with radiolabeled 20:5n-3 (EPA). The formation of 22:5n-3 was significantly decreased in the CF cells (Fig. 5C) , consistent with inhibition of the first elongation step. Although this may account for the low DHA levels, there may be inhibition of the enzymatic steps distal to 22:5n-3, including the D6-desaturase and the enzymes involved in b oxidation. However, this could not be assessed, owing to nondetectable levels of 24:5n-3 and 24:6n-3. Figure 6 shows the separation of n-6-radiolabeled and n-3-radiolabeled fatty acids by HPLC.
DISCUSSION
The presence of fatty acid alterations in this model of cultured CF airway epithelial cells clearly establishes that loss of CFTR function, either through antisense suppression or through CFTR gene mutations, is associated with alterations in fatty acid composition. Our data suggest that the changes occur through increased conversion of linoleic acid to AA in the n-6 pathway and through decreased conversion of EPA to DHA in the n-3 pathway. Thus, the characteristic low linoleic acid and DHA levels observed in CF patients are not solely related to impaired uptake of dietary fatty acids from the gastrointestinal tract, but are at least partly the result of altered fatty acid metabolism in cells. The results of this study also demonstrate that the altered fatty acid composition of airway epithelial cell lines with defective CFTR function appears only in the presence of adequate amounts of linoleic acid in the cell. Adequate amounts of linoleic acid can be provided by growing the cultured cells in horse serum, whereas culturing in FBS with very low levels of linoleic acid leads to essential fatty acid-deficient cells. We cannot exclude the possibility that other differences between horse serum and FBS, such as lower AA and DHA levels, are required for the appearance of the CF fatty acid profile. Involvement of serum AA levels, however, appears less likely, because linoleic acid is efficiently converted to AA in both WT and CF cells. The amount of DHA in the serum may be involved in the expression of low DHA levels in CF cells. Cells cultured in horse serum, which has extremely low levels of DHA, are entirely dependent on the metabolic conversion of 18:3n-3 to produce DHA. FBS, on the other hand, directly provides the cells with high levels of DHA, perhaps explaining why decreased DHA levels are not seen in CF cells cultured in FBS. A combination treatment with NaBu and G418, to increase CFTR expression in IB3-1 cells, led to normalization of 16:1n-7 and 18:2n-6 levels, whereas there were no changes in the C38 cells with the same treatment. These results confirm an effect of CFTR on fatty acid metabolism. DHA levels were not corrected with the treatment. This may be due to the relatively short duration of treatment with NaBu and G418, which could not be prolonged, owing to cell toxicity.
Lower linoleic acid levels in CF than in WT cells suggests that loss of CFTR function leads to alterations in the enzymes regulating the conversion of linoleic acid to downstream metabolites such as AA in the n-6 fatty acid pathway. This conclusion is supported by our studies using radiolabeled linoleic acid, which showed an increase in the rate of conversion of linoleic acid to 18:3n-6 and 20:4n-6 in CF cells. The enzyme D6-desaturase is responsible for the conversion of 18:2 to 18:3 and is considered the ratelimiting step in the conversion from linoleic acid to AA (24, 25) . Radiolabeling experiments demonstrated an increase in D6-desaturase activity in CF airway cells independent of whether horse serum or FBS was used in the cell culture medium. These data suggest that culturing cells in FBS leads to deprivation of linoleic acid in both WT and CF cells, thereby masking the characteristic decrease in linoleic acid levels in CF cells. AA is the precursor of proinflammatory eicosanoids. Increased AA levels in the plasma membrane of tumor cells have been associated with increased prostaglandin production (26) . The increased prostaglandin levels present in CF patients could possibly be explained by increased production of AA. AA levels may also be increased because of decreased conversion to 22:4n-6 and 22:5n-6 fatty acids, downstream from AA, since levels of both were significantly decreased (to 40% and 6.0% of WT levels, respectively) in the CF 16HBE cells. This finding contrasts with our recent study in CF mouse pancreas, in which AA and the terminal fatty acid 22:5n-6 were both increased (27) . Hence, the fatty acid alterations in CF appear to be cell or tissue specific.
The n-6 and n-3 fatty acid pathways compete for the same enzymes. Thus, we would expect increased D6-desaturase activity also in the n-3 pathway. Levels of 18: 4n-3 were not detectable, but 20:5n-3 (EPA) was increased 4.4-fold in CF compared with WT cells, consistent with increased D6-desaturase activity. With a decrease in the second elongation step in the n-3 pathway in the CF cells (conversion of 20:5n-3 to 22:5n-3), the same reasoning predicts a decrease in the conversion from 20:4n-6 (AA) to 22:4n-6. This is confirmed by decreased levels of 22:4n-6 in the CF cells, as well as by low levels of 22:5n-6, the final fatty acid in the n-6 pathway. Thus, altered enzyme activities in CF do not discriminate between n-6 and n-3 pathways in this cell culture model.
The identification of culture conditions necessary to reveal the fatty acid composition changes in CFTR-defective cells explains the variable fatty acid levels observed by other groups. Dragomir et al. (14) analyzed fatty acid composition in two WT and two CF unmatched airway cell lines, as well as in baby hamster kidney cells transfected with WT and DF508 CFTR, all cultured in 10% FBS. Their results resembled the results for cells cultured in FBS in our study, in that cellular levels of linoleic acid were very low. Thus, their study demonstrated no consistent alterations in fatty acid composition in the CF cells.
In addition to the importance of culturing cells in the presence of linoleic acid, we found that the state of cell confluence affected the expression of the characteristic CF-associated fatty acid alterations. Decreased levels of linoleic acid in CF cells were evident only after the cells had reached confluence. The degree of confluence of cultured cells affects both gene expression (28) and protein modifications associated with the state of differentiation (29) . Sood et al. (30) showed that CFTR mRNA expression as well as protein expression increased with cell density in intestinal epithelial cell lines. Similarly, enzymes regulating fatty acid utilization are affected, based on two recent reports. Bailleux et al. (22) observed that the attainment of confluency with the establishment of cell-to-cell contacts controlled the activation of the cytosolic form of phospholipase A 2 . This was a result of a stoichiometric change in the interaction of the phospholipase A 2 with the protein p11. Jiang et al. (23) found that confluent human umbilical vein endothelial cells expressed low levels of cyclooxygenase-2, whereas higher levels of this enzyme were seen in a subconfluent stage. The higher levels of cyclooxygenase-2 resulted in enhanced release of prostaglandin E 2 .
Although this is the first cell culture model of CF cell lines to show the altered fatty acid levels characteristic of CF, studies of fatty acid metabolism by other groups have shown increased conversion of linoleic acid to AA in CF cell lines. Bhura-Bandali et al. (6) demonstrated in DF508-CFTR pancreatic epithelial cells enhanced conversion of linoleic acid to AA compared with cells with WT CFTR. This is in agreement with our cell culture data.
In summary, our data demonstrate that the low linoleic acid levels in CF are not due to an essential fatty acid deficiency, but rather are the result of CFTR loss of function leading to increased conversion of linoleic acid to AA and, additionally, a decrease in the formation of DHA. In addition, variability in fatty acid alterations in CF cell culture can be explained by different levels of linoleic acid in the media as well as the degree of cell confluence. However, it is important to note that the CF-associated dysregulation of fatty acid metabolism is present independent of cell culture condition, as shown by radiolabeling experiments. This cell culture model provides a more physiological system in which to study fatty acids and fatty acid metabolites, and to show how such changes modulate cell function. These data also suggest that strategies to limit rather than increase linoleic acid levels in the diet of CF patients may be of therapeutic benefit.
